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Abstract 
Curing is one of the most important steps in the tyre manufacturing process. During this process, a green tyre is formed to the desired 
shape and the compound is converted to a strong, elastic material to meet tyre performance needs. The process of curing is usually 
accomplished under pressure and an elevated temperature provided by the mould. The curing process is energy consuming and has a 
strong effect on material properties. To attain an optimal state of cure for tyre for better quality of product and to minimize the cycle time 
requires fluid flow analysis inside the tyre bladder. To minimize the temperature difference and for finding out the delay time in OTR tyre 
curing process, the simulations were carried out using CFD software package ANSYS FLUENT 13. The intent of carrying the CFD 
analysis is to observe the internal flow physics in a rubber tyre bladder. Transient analysis of 2-D axis symmetric case for a conventional 
cycle used in OTR tyre curing is presented. The temperature and pressure distribution inside the tyre bladder is simulated by using 
turbulent SST k-Ȧ model. The temperatures at top and bottom points of bladder are estimated by means of conjugate heat transfer 
approach. At the end, the results are analyzed and simulated results are validated with experimental data. It was found that the results 
from the CFD simulation and experiments are in good agreement. Finally, the temperature difference in LTHW circulation is reduced to 
4°C from 38°C by changing the flow rate at outlet from 15m3/hr to 38m3/hr and delay time is reduced from more than 60 minutes to the 
20 minute. Reduction of delay time will improve product quality as well as it reduces utility cost. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Institute of Technology Nirma 
University, Ahmedabad. 
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Nomenclature 
u velocity in x-axis (m/s) 
v          velocity in y-axis (m/s) 
L            length of Domain, (mm) 
Greek symbols 
ȡ density (kg/m3) 
μ dynamic viscocity (kg/m-s) 
Subscripts 
h  hot 
c             cold 
  
1. Introduction 
  
     The structure of a pneumatic tyre can be equated to a flexible pressure container and is made up of either organic or   
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Inorganic fiber reinforcements covered with rubber components. In the manufacturing process these different components 
are made separately and assembled on a building drum to make a green tyre. 
Generally green tyres are cured (Vulcanized) in a mould for a certain condition (cure cycle) to get the final shape and 
properties. The tyre properties are affected by percentage of the cure (Vulcanize) and the curing process is the longest 
process in the tyre manufacturing, so it is inevitable to understand the behaviour of the tyre curing, so that we can optimize 
the cure properties and cure time to improve the tyre performance and reducing the manufacturing time. 
The steps of a cure cycle for conventional cycle have been shown in the schematic diagram. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 the steps of a cure cycle 
 
Different mediums used in curing are steam and water (hot & cold) at certain pressure and temperature conditions. In 
general these values are given as discrete points (as instantaneous change) for any cure cycle. However during curing when 
there is a starting of any medium or during the change steps (say from steam to water or high temp steam to low temp steam 
etc) from one medium to other, the temperature doesn’t rise/drop instantaneously. It takes some time and rate to reach the 
input given conditions. In OTR (off-the-road) tyre conventional cycle is used. Here high temp difference observed at top 
and bottom point of the tyre bladder during HTHW (high temp hot water) and LTHW (low temp hot water circulation). 
 Youshan Wang et al. [1] presented the finite element analysis (FEA) method. He introduced this method to evaluate the 
tyre's state of cure (SOC). In his paper, for the optimization of cure conditions of giant radial tyre was also referred to ensure 
that tyre constituents achieved the proper SOC and improved the quality of tyre. Veli Deniz et al.[2] presented that optimum 
cure time of the rubber compounds that constitute a model for passenger tyre were predicted for different curing 
temperatures constructing suitable ANFIS model. The performance of ANFIS was compared that of ECC which was 
traditionally used in tyre industry. Mir Hamid Reza Ghoreishy et al. [3] described the three dimensional nonlinear finite 
element model for the simulation of the curing process of rubber materials in moulds. 
Computational fluid dynamics (CFD) has been widely used by many researchers to analyze problems of fluid flow and 
heat transfers, both for indoor and outdoor environments because it is both effective and cost efficient. However, no existing 
study of CFD simulation of fluid flow in the rubber tyre bladder has been presented. In this research work, the CFD is used 
to simulate rubber tyre bladder and the results validated against the values obtained from experiments and delay time of 
curing cycle is reduced by minimizing temperature difference by simulation and parameters applied to the experiment. 
Furthermore, this method was also used to investigate the temperature and pressure distributions in the other size of tyres. 
 
1.1. Curing 
Curing is the most time consuming step and most energy intensive process in a tyre manufacturing. Curing process has a 
strong effect on material properties. State of cure affects product durability and life (wear). Optimal cure not only improves 
the product quality, it also helps to minimize capital and energy expenditure. In OTR tyre curing process experimental cure 
studies are time consuming and expensive as thermo-couple study for cure equivalence, is a destructive test and expensive 
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one. By experimental procedure one cannot understand the fluid flow behavior inside the bladder. So CFD simulation in 
this present work solves the problem effectively.  
 
2. Numerical simulation 
2.1 Flow of simulation 
 
Figure2 indicates the steps to measure temperature difference at bladder top and bottom points using both simulation and 
experimental analysis. In order to measure temperature difference experimentally thermocouples are fixed in the tyre. Using 
Arrhenius equation cure equivalent is calculated. The temperature difference between top and bottom points of given 
bladder is also given by Arrhenius equation. For numerical simulation 2D CAD geometry is prepared. This model is 
descritized into finite volume for calculation of temperature gradient. Proper boundary condition and materials were used in 
CFD solver to solve this problem. 
   
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 Fig. 2 flow of simulation 
 
2.2 Geometries and Grid generation 
 
     Figure3 represents the physical domain of tyre curing inside the bladder. Here the geometry is symmetric to the plane so 
one may consider the computational domain as axis-symmetric which gives the result in 360°. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 tyre curing inside bladder (physical domain) 
  
     For solving this problem 2D-Axis-symmetric profile was considered, which gives the result in 360° and reduce the 
computational time. Here for the creation of mesh Autocad drawing was imported into hypermesh to create the surface. This 
IGES file of hypermesh is imported into ANSYS, where mesh is created by using edge mesh and face mesh. Structured grid 
is generated for accuracy in results. Quadrilateral cells were used using map scheme. The geometry and flow domain 
consists of a solid tyre and bladder of rubber material while in domain different fluids are coming as per the conventional 
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cycle. The turbulent stream of mediums like (steam, hot water) flows inside the bladder make the bladder to heat by 
convection and this heat is transferred to the tyre by conduction. Simillarlly constant temperature is applied to the tyre 
externally.The mesh is very fine near the wall so one can get the accurate result. Mesh is created in mm and the number of 
nodes of this computational domain is 18,220. Gravity is acting in -X direction. Here we considered the transient analysis 
for conventional cycle. Temperature is varying with respect to time. 
(a)     (b)  
Fig. 4 (a) computational domain with grid (b) Computational domain for simulation 
2.3 Material properties 
Density, specific heat and thermal conductivity of bladder, tyre, and top-bottom wall of curing press is given in 
table1.While the properties of mediums (steam, HTHW, LTHW) are given in table2. 
 
Table 1. Material properties 
 
Material Density 
(kg/m3) 
Specific heat 
(J/kg.K) 
Thermal conductivity 
(W/m.K) 
Rubber bladder 1150 1350                     0.25 
Rubber tyre 1225 1750 0.23 
Top and bottom wall: steel 8230 502.48 16.27 
 
     Density is changed to ideal gas because we are treating the flow as compressible. The Ideal gas option for density treats 
the fluid density only as a function of temperature. The density of HTHW and LTHW changes with the temperature in order 
to include the density variation in simulation. The density vs. temperature curve was plotted in excel and data were fitted 
with piecewise polynomial approximation. 
Table 2. Properties of medium used 
Property Steam HTHW LTHW  
Op. pressure in kg/cm2 16.8 28 28 
Op. temperature (°c) 206 190 130 
Density(kg/m3) 8.6846 876.07 934.8340 
Specific heat (J/kg.K) 3.0841 4.4474 4.2615 
Thermalconductivity (W/m.K) 0.041 0.6687 0.6837 
 
2.4 CFD program 
In this work, simulations were performed using a commercial CFD code (ANSYS FLUENT, Version 13) on a Windows 
based Computer (2.52 GHz, 4 GB RAM). This special-purpose code for building applications uses a standard finite volume 
method, a quadrilateral structured grid. For all equations, convective terms are discretized using a first-order upwind 
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scheme. Diffusion terms are always cast into a central difference form. The pressure-velocity coupling is solved by SIMPLE 
discretization algorithm described by Patankar [6] 
3 Result and discussion 
3.1 CFD Results on flow field distribution inside rubber tyre curing bladder 
 
(a)     (b)  
 Fig. 5 Temperature variations with SST k-Ȧ model (a) at 3 minute (b) at 8 minute.  
The static temperature contours are shown in the figure5. Initially high pressure steam enters into the bladder for 7 
minute from inlet and outlet is closed. Here temperature is varying as per the ideal gas law and gravity is acting -X direction. 
So the temperature at the top of the domain is more than bottom part. Here for this cycle there is no heating of tyre from 
outside. Only internal heating takes place for curing of the tyre. 
Now after 7 minute High pressure steam is replaced by hot water and density is varying as per the piecewise polynomial 
approximation for 92 minute, Here outlet is open and hot water is circulated for 96 minute from inlet to outlet at constant 
pressure as per the cycle and heat is also applied to the externally for the curing of the tyre. 
Than hot water is replaced by low temperature hot water. The mass flow rate at the outlet is as per the hot water flow rate 
for 13 minute .After that mass flow rate at the outlet is as low temperature hot water flow rate for 328 minute and during 
this cycle heat is also applied to the externally and temperature is changing as per the polynomial approximation of the 
density for LTHW. Temperature difference is observed at the top and bottom points of bladder as shown in the figure6. 
(a)     (b)  
Fig. 6 Temperature variations with SST k-Ȧ model (a) at 10 minute (b) at 100 minute.  
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3.2 Validation and optimization  
(a)     (b)  
Fig. 7 (a) validation of simulated  results with experimental data (b) Comparison of result (Optimized case)  
From the above figure7 (a) it was found that temperature difference at top and bottom point is 38°c from the 
experimental result and 30°c from the simulated result in LTHW circulation region after 99 minute. So it is required to 
minimize the temperature difference to achieve stabilized temperature state. Hence delay time for this more than 60 minute 
is reduced for better quality of product. 
By comparing simulation results with experiments for optimized case figure7 (b) it was found that temperature difference 
is stabilized as per the requirements and delay time of more than 60 minute is reduced. Now it is stabilized after 165 minute. 
Delay time of the cycle is now 20 minutes. 
 
4 Conclusions 
 
     Computational Fluid Dynamics was used as an effective tool to find out distribution of temperature at different points on 
bladder of the tyre. Pressure and velocity variation inside the bladder also achieved with the use of CFD. A special tyre was 
fabricated with thermocouples inserted in the bladder bottom and top point for validation of simulation result. Limited 
validation of code undertaken and results are fairly in agreement with actual findings. Delay time found more than 60 
minute for LTHW circulation from the experimental data for validation of results. By changing the flow rate at outlet 
(38m3/hr) for LTHW, Temperature difference of 2°C for LTHW is achieved with the optimized case through simulation. 
The same has been validated experimentally. The delay time for more than 60 minute is reduced to the 20 minute. The same 
has been validated experimentally. Cycle time is reduced by reducing delay time, it reduces the utility cost. Product quality 
is improved by minimizing temperature difference at top and bottom points of the bladder. From the simulated results it is 
clear that thermocouple experimental study can be eliminated as cost effective. 
Acknowledgements 
     This research was supported by Apollo tyres ltd., Vadodara. The authors would like to thank all advanced tyre research 
member for giving continuous help and help for carry out the work. Their sincere support is highly appreciated. 
References 
[1] Youshan Wang, Benlong Su, Jian Wu, “Simulation and optimization of giant radial tyre vulcanization process", International Conference on Advances          
in Computational Modeling and Simulation, Harbin, China. 
[2] Melih Inal, Veli Deniz, “Predicting optimum cure time of rubber compounds by means of ANFIS", Materials and Design, 2011. 
[3] Mir Hamid Reza Ghoreishy and Ghasem Naderi, “Three Dimensional Finite Element Modelling of Truck Tyre Curing Process in Mould", Iranian 
Polymer Journal 14 (8), 735-743, 2005. 
[4] Jiyuan Tu, “Computational Fluid Dynamics A Practical Approach", RMIT University, Australia. 
[5] A.N.Gent and J.D.Walter, “The Pneumatic Tyre", The University of akron, Washington, 2005. 
[6] S.V. Patankar, “Numerical Heat Transfer and Fluid Flow", Hemisphere Publishing Corporation, USA, 1980.  
 
